Abstract. Circular rNAs (circrNAs) are a novel class of non-coding rNA molecules ubiquitously present in the cytoplasm of eukaryotic cells. CircrNAs are generated from exons or introns via multiple mechanisms. A recently identified circRNA, ciRS-7, can regulate the activities of miRNAs, mRNAs, and RBP to exert specific biological effects. Also, cirs-7 acts as a natural competing endogenous rNA, a.k.a. 'super sponge' of microrNA-7 (mir-7) that sequesters and competitively inhibits the activity of mir-7. this competition between cirs-7 and mir-7 may have profound effects on oncogenesis. this review will summarize the origin and functions of cirs-7 and discuss the relationship among cirs-7, its target molecules and cancer.
Introduction
Cancer is a leading cause of mortality that contributes the highest number of deaths from diseases. there were 14.1 million new cases and 8.2 million deaths worldwide in 2012 based on the GLOBOCAN series of the International Agency for research on Cancer (1) . At the time of diagnosis, most of the patients have developed invasive cancer. At the same time, a large number of trials have been performed to find an effective treatment strategy, but the overwhelming number of various cancers still carry high risks of morbidity and mortality (2, 3) . therefore, there is a great need and urgency in the search for early diagnosis biomarkers and novel treatment measures to improve the survival and the cure rate of cancer.
Genome-wide association analyses have shown that in humans, over half of all mirNAs are located at chromosomal fragile sites, which are associated closely with malignant tumors (4, 5) . this suggests that mirNAs play an important role in the development of malignant tumors. For example, the expression of microrNA-7 (mir-7) is downregulated in tumor tissues or cancerous cells found in breast cancer (6) , tongue cancer (7), gastric carcinoma (8) , lung neoplasm (9) , hepatocellular carcinoma (HCC) (10) , schwannoma (11) and cervical cancer (12) . It also plays a significant role in invasion and metastasis and other tumor biological processes. In March 2013, two publications reported that circular rNAs (circrNAs) function as mirNA 'sponges' that act to naturally sequester and competitively suppress the activity of miRNAs (13, 14) . These findings suggest that circrNAs may play a role in cancer.
CircrNAs are a large class of non-coding rNAs that exist ubiquitously in the cytoplasm of eukaryotic cells (15) . At present, they are the subject of intense research in the field of RNAs. Recently, some circRNAs have been identified, including circRNA sponge for miR-7, known as cirs-7. cirs-7 is also named cerebellar degeneration-related protein 1 antisense rNA (CDr1as) or CDr1NAt (13, 16) . It is ~1,500 nucleotides in length and is found predominantly in human and mouse brain (16) , where it naturally occurs as an antisense rNA strand and takes on the structure of a closed loop. As a super sponge or competing endogenous rNA (cerNA) of mir-7, cirs-7 competitively sequesters and quenches the activity of mir-7 (13, 14, 17) . this has significant implications for the biology of cancer, as miR-7 has tremendous effects on the development of a variety of cancer, such as breast cancer, hepatocellular carcinoma, and cervical cancer (12) . to address the question whether cirs-7 is also implicated in cancer, we will review the origin and functions of circrNAs and in particular, cirs-7, and discuss the connection between cirs-7 and its molecular targets that are involved in cancer. It is our hope that further research in this area may provide a new direction toward the early diagnosis and targeted therapy of cancer.
Origin of circRNAs
CircrNAs are ubiquitous in the cytoplasm of eukaryotic cells, and have returned to the forefront of research with the discovery of their abundance thanks to technological breakthroughs in high-throughput deep sequencing. In 1979, scientists observed for the first time the presence of small RNA structural variants that were circular in shape in the cytoplasm of eukaryotic cells by electron microscope (18) . these were mistaken as rare existing transcriptional 'noise' (19) . However, with the emergence of high-throughput sequencing and rNA-seq, several studies have confirmed the widespread existence of circrNAs in eukaryotic organisms and their role in carrying out important regulatory functions. the question is then, how are circrNAs generated?
CircrNAs may be generated from exons (exonic circrNA) or introns (intronic circrNA). Jeck et al put forth two models for the origination of circrNAs, namely lariat-driven circularization and intron-pairing-driven circularization (20, 21) . the main difference is in the first step of circRNAs generation. The first model requires the covalent binding of the splice donor with the splice acceptor in the exon, while the second model involves complementary pairing within two introns to form a circular structure. the subsequent steps of circrNA formation are largely similar. Namely, the spliceosome excises residual introns and forms the circrNAs.
In addition, recent studies have shown that there is an alternative circularization pathway for the production of circrNAs. this alternative circularization of rNAs relies on the human genome containing a large number of complementary sequences (such as Alu sequences) in the intronic regions. the selective pairing and dynamic regulation of these complementary sequences allows the same gene to produce multiple circrNAs (22, 23) . However, not all of the complementary sequences can produce circularization. the production of circrNAs is facilitated by short intronic repeat sequences, while it is suppressed by increasing hairpin stability between sequences (24). endogenous conditions of circrNAs formation are very complicated. For example, the number and distance of complementary sequences across the circularization exons can influence matching and competition between complementary sequences. Alternative circularization is closely related to normal physiological function, while aberrant alternative circularization leads to a variety of important human diseases (22) , such as cancer.
Functions of ciRS-7
miRNA sponges. there are thousands of circrNAs expressed at different positions in the genome of various species, from archaea to humans (25) (26) (27) (28) . Nearly 2,000 types of circrNAs have been found in humans, 900 types have been identified in mice, and ~700 types exist in nematodes based on sequencing data (14, 29) . Among these, cirs-7 expression shows complex tissue specificity, cell type specificity, and developmental stage specificity. It has been reported that (14) : i) ciRS-7 binds densely to the mir-7 effector; ii) cirs-7 contains 74 binding sites for mir-7, 63 of which exist in at least one other organism; iii) ciRS-7 and miR-7 possess the same specific expression region in the embryonic brain tissue of mice; iv) cirs-7 is circularized and is not detectable as a linear rNAs; v) cirs-7 injection shows similar phenotypes as mir-7 knock-out in zebrafish brains. The above-described data show that ciRS-7 acts as a cerNA of mir-7 and functions as a natural inhibitor of mir-7 and competes mir-7 with other rNAs, such as mrNAs, and lncrNAs (Fig. 1A) .
Transcriptional and posttranscriptional regulations. Artificial circrNAs contain an internal ribosome entry site that can be translated in the cellular extract (30) , but endogenous circrNAs have not yet been found to be associated with ribosomes. Hence, linear rNAs and circrNAs must be closely regulated, as their presence can radically change the functional output of a gene (20, 27) . Owing to its ability to sequester mir-7, cirs-7 plays an important role in fine-tuning of the expression of target genes by binding in trans to the 3'utrs of a target mrNA (Fig. 1B) . the combination of mir-7 with cirs-7 may even silence the trans-acting activity. stable expression of cirs-7 in HeLa cells results in significantly lower expression of α-synuclein (sNCA), epidermal growth factor receptor (eGFr), and Irs2 mrNA (13) . this result suggests that cirs-7 presumably regulates the expression of sNCA, eGFr, and Irs2 by a posttranscriptional mechanism in HeLa cells. cirs-7 may be associated with the assembly of large rNAs or protein complexes, perhaps similar to other molecules with low complexity (31) . In addition, cirs-7 acts as an 'mrNA trap' by forming closed translation initiation sites (21) , and leaves the non-coding linear transcript, thereby reducing the expression levels of protein.
Interaction with binding protein. Cirs-7 may act as 'scaffolding' for rNA binding protein (rBp) to combine multiple protein subunits (21, 32) and to facilitate the interaction by potentially increasing the stability of the circrNAs transcripts. the capturing mechanism of mirNA sponges is equally important to RBP. Similarly, ciRS-7 can store, classify or find rBp. Besides, cirs-7 also interacts widely with the argonaute (AGO) protein (14) (Fig. 1C) .
to summarize, cirs-7 can regulate the activities of mirNAs, mrNAs, and rBp by competing mirNAs with other rNAs molecules, by binding in trans with the 3'utrs of target gene mrNAs, and by interacting with proteins, respectively (Fig. 1) . these are the mechanisms by which cirs-7 exerts its specific biological effects.
ciRS-7 and cancer
miR-7 and cancer. mirNAs are a group of single-stranded small non-coding rNAs consisting of 19-24 nucleotides, which regulate gene expression by interfering with the posttranscriptional process (33, 34) . In the past 10 years, growing evidence suggests that abnormal expression of mirNAs is a sign of malignant tumors (35, 36) , as mirNAs can affect cell proliferation, migration, apoptosis, and much other cancer-related biological process. mirNAs involved in cancer can be divided into oncomirs and tumor suppressor mirNAs. As a tumor suppressor mirNA, the absence/low expression or dysfunction of mir-7 participates in the initiation and evolution of various malignancies in humans, including breast cancer, hepatocellular carcinoma, and cervical cancer. Liu et al found that (12) mir-7 can inhibit the growth of cancer cells and promote apoptosis, and can, therefore potentially be a treatment target in cancer.
mirNAs can prevent or promote the translation and degradation of target gene by binding to the 3'utr of target gene mrNAs, thereby regulating the expression of target genes (37) . However, mirNA-mediated upregulation of target genes is usually specific and depends on distinct target mrNAs (38) . It has been proven that target genes of mir-7 mainly including eGFr, X-linked inhibitor of apoptosis protein (XIAp), Kruppel-like factor 4 (KLF4), sNCA, Irs2, Irs1, 4eBp1, ACK1, AKt, FAK, HNF4, IGF1r, mtOr, NOtCH1, rAF1, p70s6K, pA28c, pAK1, and pIK3CD, all of which play indispensable roles as oncogenes or tumor suppressor genes in a variety of cancers.
In cervical cancer, as an example, eGFr is constitutively highly expressed in pancreatic cancer, oral cancer, cervical cancer and other cancers, and participates in the pathogenesis and progression of these cancers (39) (40) (41) . the variation in eGFr regulates the risk of developing in situ and invasive cervical cancer (42) ; while inhibition of eGFr results in antitumor effects and can strengthen the curative effect of chemoradiotherapy based on cisplatin (43) . As an oncogene, XIAp expression is increased in cervical cancer cells, and regulated positively by tGF-β in a tGF-β/smad signaling pathway-dependent manner (44) . It is associated closely with survival of cervical cancer patients and promotes oncogenesis. Also, it regulates the sensitivity of human cervical cancer cells to cisplatin, doxorubicin, and taxol (45) . As a transcription factor of zinc finger-like structure, KLF4 can inhibit the growth of cancer cells and tumor formation (46, 47) . thus, it functions as a tumor suppressor in cervical cancer. the above research suggests that both oncogenes (such as eGFr and XIAp) and tumor suppressor genes (such as KLF4) can be treated as target molecules of mirNAs, and play a vital role in the initiation, development, and prognosis of cancer (such as cervical cancer).
ciRS-7 and cancer. It has been reported that a circular isoform of the non-coding rNA ANrIL is associated with the risk for the development of atherosclerosis (15, 48) . This finding indicates that circrNAs have biochemical and phenotypic consequences. recently, the expression of cirs-7 was found to be decreased in the hippocampus of Alzheimer's patients, suggesting that there is a deficiency in the 'sponging' effects of cirs-7 when the level of mir-7 is increasing and the expression of mir-7-sensitive mrNA targets is decreasing (49) . It has been implied that cirs-7 likely serves as a crucial factor that is significantly involved in various diseases. In addition, a recent review reported that expression analyses of various tumor cell lines showing wide spread expression of cirs-7 in neuroblastomas and frequent expression in astrocytoma, renal cell, and lung carcinomas (50) . the stable expression of cirs-7 in HeLa cells (13, 15) indicates that cirs-7 may be associated with cervical cancer. there is a large degree of subcellular co-localization between cirs-7 and mir-7 in HeLa cells when analyzed by RNA-fluorescence in situ hybridization and IF-fluorescence in situ hybridization (13) . Moreover, cirs-7 can be used as an ideal cerNA of mir-7, as it sequesters and potently quenches the normal activities of mir-7 (14) . mir-7 is involved in multiple biological processes of various cancers; for example, it promotes the growth of cervical cancer cells. Furthermore, cirs-7 is sensitive to mir-671. mir-671 can induce the degradation and endonucleolytic cleavage of cirs-7, so cirs-7 may be responsible for bringing mir-7 to a subcellular location where mir-671 promotes the release of mir-7 by cirs-7 (14, 51) . thus suggesting that mir-671 may inhibit the expression of mir-7. From the interaction of cirs-7 with cancer associated mir-7, we surmise that they have a potential role in the regulation of cancer (such as cervical cancer).
In summary, cirs-7 may act as a cerNA of mir-7, competitively inhibiting the activity of mir-7, promotes the expression of oncogenes (such as eGFr and XIAp), while inhibiting tumor suppression genes (such as KLF4), therefore promoting the initiation and development of cancer (take cervical cancer for example) (Fig. 2) .
Potential values of circRNAs in diagnosis and treatment of cancer
As diagnostic and prognostic biomarkers. According to the current studies, the main characteristics of circrNAs are as the following. i) Universality: a report in 2012 confirmed for the first time that circRNAs are the most common molecules after linear rNAs in human cells (15) and that they are far more ubiquitous than previously imagined. ii) Conservatism: the signal behind circularization seems to be evolutionarily conserved in different species (52); for example, some circrNAs are detected in both humans and mice. iii) Cytoplasmic location. iv) Definite specificity (53) . v) Stability: the half-life of circrNAs in most species is longer than 48 h, while the average half-life of mrNAs is 10 h (21) . this may be attributable to the resistance of circrNAs to ribonuclease (rNaser). Nucleases usually recognize the end of linear rNA molecules, and the closed structure of circrNAs likely grants them their high tolerance to nucleases. vi) Highly abundant expression: the gene product level of some exonic circrNAs has been shown to be higher than that of linear rNAs as measured by the sequencing method and quantitative pCr (21, 54) . sometimes, the abundance of circrNAs is over 10 times that of the corresponding linear mrNAs. this abundance may be attributed to the stability of circrNAs. therefore, circrNAs possess distinct advantages and have the potential to be biomarkers of diagnosis and prognosis in cancer.
Contribution to targeted therapy. Circularization may be the future target of treatment, either to reduce the circularization of functional transcripts, or to sequester by an 'mrNA trap', exons contributing to dysfunctional transcripts (21) . Compared to the mirNA sponges that only contain a string of single mirNA response elements (Mres), cirs-7 contains plenty of Mres that bind mir-7 (51) (Fig. 1A) . As such, it can instantaneously bind or release a large number of mir-7 molecules, thereby effectively regulating the network of diseases. In comparison with single mirNA-targeted technology, targeting inhibition of the expression of cirs-7 can amplify the protective effect of the tumor suppressor mir-7. Compared with single rNAi technology targeting oncogenes, inhibiting the expression of cirs-7 could affect the activities of multiple oncogenes. In short, cirs-7 contains a large number of Mres, can regulate the expression of several targeted molecules, and it possesses more advantages in comparison with a single mirNA or single gene.
In conclusion, as a cerNA of mir-7, cirs-7 can naturally sequester and inhibit the activity of mir-7 and promote the expression of oncogenic eGFr and XIAp gene as well as suppress the expression of tumor-suppressed KLF4, thus promoting the initiation and development of cancer (cervical cancer was is shown as an example) (Fig. 2) . However, the biological functions and its mechanism still have to be validated and further investigated. Although studies on circrNAs are just beginning, the significance in diseases/cancers has gradually grown. With unique characteristics as biomarkers owing to its stability and specificity, ciRS-7 can provide a new direction to improve the early screening and diagnosis in cancer. Also, cirs-7 possesses unique characteristics as an ideal cerNA, which could provide a novel avenue for the development of treatments against cancer.
